Abstract: A high-speed 84 Gb/s vestigial sideband (VSB)-eight-level pulse amplitude modulation (PAM8) fiber-invisible laser light communication (IVLLC) integration based on vertical-cavity surface-emitting laser (VCSEL) transmitter with injection locking scheme is proposed. To the authors' knowledge, this study is the first to realize a high-speed 84 Gb/s VSB-PAM8 VCSEL transmitter-based fiber-IVLLC integration. It is effectual to adopt an optical VSB-PAM8 signal in fiber-IVLLC integrations to suppress the linewidth of an optical signal so as to reduce the fiber dispersion. An injection locking scheme and a linear equalizer possess enhancements in frequency response, and thereby provide good transmission performances in a high-speed VSB-PAM8 fiber-IVLLC integration. Impressive bit error rate performance and clear eye diagrams are acquired in real time at a 25-km single-mode fiber operation with a 10-m free-space link. Such proposed 84 Gb/s VSB-PAM8 VCSEL transmitter-based fiber-IVLLC integration is a notable option for providing high transmission rates at optical fiber and optical wireless communications.
A High-Speed 84 Gb/s VSB-PAM8
VCSEL Transmitter-Based Fiber-IVLLC Integration
Introduction
The rapid increase in data transmission rates requires highly congregated bandwidth in communication systems. System designers have performed with diverse data formats that can satisfy the bandwidth and data rate requirements. Transmission of non-return-to-zero (NRZ) signal is comparatively simple. Therefore, NRZ is generally adopted in various communication systems. As the data rate increases, nevertheless, the NRZ signal encounters a transmission rate restriction. Eight-level pulse amplitude modulation (PAM8), a high-order modulation format, can be utilized to increase the transmission capacity of communication systems. Given that PAM8 modulation is three times as bandwidth-efficient as the NRZ modulation, it is promisingly beneficial for high-speed transmissions [1] - [3] . However, PAM8 is more susceptible to noise than NRZ. Thus, it has to pay a price of a higher required signal-to-noise ratio (SNR). Consequently, PAM8 transmission is suitable for constructing a short-reach fiber-invisible laser light communication (IVLLC) integration where a high SNR can be obtained. Injection locking scheme [4] and linear equalizer [5] , [6] present increments in frequency response. Thereby, adopting an injection locking scheme at the transmitting site and a linear equalizer at the receiving site are expected to perform well in a high-speed vestigial sideband (VSB)-PAM8 verticalcavity surface-emitting laser (VCSEL) transmitter-based fiber-IVLLC integration. A previous study revealed the practicality of setting up a 56 Gb/s four-level pulse amplitude modulation (PAM4) LiFi transmission on the basis of VCSEL transmitter with two-stage injection locking scheme [7] . Another previous study demonstrated the feasibility of building a 64 Gb/s PAM4 free-space optical (FSO) link on the basis of VCSEL transmitter with injection locking scheme [8] . However, the transmission rate of PAM4 modulation can be further increased by utilizing PAM8 modulation and the transmission distance of LiFi transmission/FSO link can be further enhanced by utilizing fiber-IVLLC integration. Optical fiber can improve the extension of IVLLC and accordingly can be efficiently employed as a reach extender of IVLLC. Future access networks can be realized by adopting the advantages of optical fiber and optical wireless techniques in the employment of fiber-IVLLC integrations [9] . Particularly, the integration can cover service regions at comparatively fast speed by utilizing the characteristics of optical fiber and optical wireless communications.
In this demonstration, a high-speed 84 Gb/s VSB-PAM8 fiber-IVLLC integration that employs an injection-locked VCSEL transmitter and a linear equalizer at the receiving site is proposed and practically illustrated. To our understanding, this study is the first to successfully construct a high-speed 84 Gb/s VSB-PAM8 VCSEL transmitter-based fiber-IVLLC integration with a linear equalizer at the receiving site. The integration of fiber and IVLLC in 84 Gb/s VSB-PAM8 transmission is the first trial in the world at the best of the author's knowledge. As the modulation is changed from PAM4 modulation to VSB-PAM8 modulation and the transmission is changed from LiFi transmission/FSO link to fiber-IVLLC integration, the technique and complexity challenges increase significantly. To ensure a successful implementation of VSB-PAM8 fiber-IVLLC integration, the technique and complexity challenges must be overcome. The optical PAM8 signal possesses a wide linewidth, whereas the optical VSB-PAM8 signal possesses a narrow one. It is efficacious to introduce an optical VSB-PAM8 signal in a fiber-IVLLC integration to reduce the linewidth of optical signal so that the fiber dispersion is suppressed. After a 25-km single-mode fiber (SMF) transport, a couple of doublet lenses is utilized to implement the optical wireless communication. The overall performances of the offered high-speed VSB-PAM8 VCSEL transmitter-based fiber-IVLLC integration have been evaluated in real-time in view of bit error rate (BER) and eye diagrams. In comparison with other previous studies, sophisticated two-stage injection locking scheme [7] and complicated offline process by MATLAB [1] - [3] , [8] are not required in this proposed high-speed 84 Gb/s VSB-PAM8 fiber-IVLLC integration. Good BER performance and clear eye diagrams are attained over 25 km SMF transport with 10 m free-space link. This proposed high-speed 84 Gb/s VSB-PAM8 fiber-IVLLC integration with an injection-locked VCSEL transmitter and a linear equalizer at the receiving site is apparent to be better than the prior fiber-IVLLC integrations given its feasibility for high-speed transmission.
Experimental Setup
The architecture of the proposed high-speed 84 Gb/s VSB-PAM8 VCSEL transmitter-based fiber-IVLLC integration is depicted in Fig. 1 . A three-channel pseudorandom bit sequence (PRBS) pattern generator produces three binary PRBS data streams at 28 Gb/s with a length of 2 15 −1 (PRBS15 test pattern). These three binary data streams have amplitudes of 1.5, 1 and 0.5 V, respectively. A PAM8 converter, with an insertion loss of about 6 dB, is used to transfer three 28 Gb/s NRZ signals into an 84 Gb/s PAM8 signal with seven independent eye diagrams. After conversion by a PAM8 converter, the 84 Gb/s PAM8 signal is sent to a VCSEL. This single mode VCSEL, with a threshold current of 2 mA and an operation current of 10 mA, is designed for high-speed and high-performance communications. Given that PAM8 linearity is a very important parameter, a linear driver with highlinearity can be used to boost the PAM8 electrical signal to utilize the linear region of the VCSEL power-driving current (P-I) curve. However, since the operation region of the VCSEL is small, yet a linear driver with high-linearity to amplify the PAM8 electrical signal is not required. It indicates that a PAM8 electrical signal generated from PAM8 converter utilizes the linear region of the VCSEL P-I curve. The VCSEL (with a central wavelength of 1550.42 nm) is injection-locked by a distributed feedback laser diode (DFB LD) (with a central wavelength of 1550.45 nm) via an integration of optical circulator and polarization controller. The optical PAM8 signal is filtered by an optical VSB filter for producing optical VSB-PAM8 signal. The optical VSB filter is an optical band-pass filter (OBPF) with a 0.4-nm 3 dB bandwidth. Subsequently, the optical VSB-PAM8 signal is promoted by an erbium-doped fiber amplifier (EDFA), and controlled by a variable optical attenuator at the beginning of the 25 km SMF. The output power and noise figure of EDFA are 17 dBm and 4.5 dB at an input power of 0 dBm, respectively. Over a span of 25-km SMF, the light is inputted into a 10-m free-space link with a pair of doublet lenses (doublet lens-1 and doublet lens-2). The operation of the EDFA is to compensate the optical power loss for 25 km SMF transport with 10 m free-space link. In terms of cost, EDFA is a low-cost active component nowadays, rather than a costly one. Employing an EDFA in the system configuration will not greatly increase the cost of systems. In previous studies, 100 m [8] and 50 m [9] free-space transmissions have been demonstrated. In this study, however, only 10 m free-space transmission is demonstrated. Since VSB-PAM8 is very subject to noise than PAM4 [8] and NRZ [9] , yet VSB-PAM8 transmission is appropriate for building a short-reach free-space link. Nevertheless, optical fiber can enhance the coverage of free-space link, the transmission distance can be extended by 25 km SMF transport with 10 m free-space link.
At the receiving site, the optical signal is received by a 25-GHz avalanche photodiode (APD) with trans-impedance amplifier (TIA) receiver. An optical receiver that employs an APD with TIA provides a high SNR, due to the multiplication factor that increases the photocurrent. The optical input power of APD is attuned to be 1.1 ∼ 5 dBm by a VOA to have the best transmission performance, in terms of the lowest BER value. After electrical equalization by a linear equalizer, the transmission performances of offered 84 Gb/s VSB-PAM8 fiber-IVLLC integration are evaluated in view of BER values and eye diagrams in real-time. Real-time BER measurement is executed by employing a onechannel high-sensitivity error detector (ED) and the PAM8 seven-eye sampling method, in a manner similar to the BER measurement for PAM4 [10] , [11] . This is a low-cost PAM8 BER measurement method for calculating total BER. Additionally, a digital storage oscilloscope is utilized to take the eye diagrams of delivered 84 Gb/s PAM8/VSB-PAM8 signal. Fig. 1 also shows the setup for measuring the frequency responses of the VSB-PAM8 fiber-IVLLC integration. Radio-frequency (RF) signal (DC -26 GHz) produced from a network analyzer drives VCSEL directly. Without a linear equalizer at the receiving site, the RF sweep signal detected by an APD with TIA receiver is directly supplied to a network analyzer. With a linear equalizer at the receiving site, the RF sweep signal detected by an APD with TIA receiver is electrically equalized by a linear equalizer, and then supplied to a network analyzer. Thereby, the frequency responses of the VSB-PAM8 VCSEL transmitter-based fiber-IVLLC integration are evaluated under the situations of free-running (without a linear equalizer at the receiving site), injection locking (without a linear equalizer at the receiving site), and injection locking (with a linear equalizer at the receiving site).
Experimental Results and Discussions
It is a challenge to construct a high-speed VSB-PAM8 fiber-IVLLC integration due to the influence of aerial turbulence. In clear weather (visibility > 2 km), the prediction of aerial attenuation at 1550 nm is predictable. Whereas in heavy fog, heavy snow, and heavy rain weathers (10 m < visibility), the predictions of aerial attenuation at 1550 nm are unpredictable. Heavy fog, heavy snow, and heavy rain are the major factors of weather that can influence the IVLLC link. Aerial attenuation can change from 0.02 dB/100 m in clear weather to 30 dB/100 m in heavy fog/heavy snow/heavy rain weather [12] , [13] . Large attenuation in heavy fog/heavy snow/heavy rain will greatly reduce the availability of IVLLC link. System designers must address the high availability to ensure the overall performances of IVLLC link. If the link margin for aerial attenuation is 30 dB, then the maximum link will have to be 100 m (or less) to conquer the worst case of 30 dB/100 m (3 dB/10 m). In this work, the maximum link margin of IVLLC link (from doublet lens 1 to doublet lens 2) is 11 dB (17-25 × 0.24), with a free-space transmission of 10 m. Given that the link margin of 11 dB is much higher than the corresponding value of 3 dB (worst case), this proposed IVLLC link meets the high availability requirement of the fiber-IVLLC integration. Thereby, time varying that affects the power stability at the APD and RF spectrum is not observed. Nevertheless, if the link margin is lower than the corresponding value of 3 dB (worst case), then the millimeter-wave link can be adopted as a backup link [14] . As to the interference from stray light, noise is generated when stray light form the surroundings is received by the APD. The received optical SNR (OSNR) is decreased as stray light form the environment is received by the APD, by which resulting in BER performance degradation. This OSNR decline can be compensated by controlling VOA with lower attenuation, thus, higher optical power can be launched into a 25-km SMF transportation with a 10-m free-space link, higher optical power can be received by the APD, and higher OSNR can be attained to make up for OSNR decline owing to the interference from stray light.
A directly modulated VCSEL transmitter is attractive for fiber-IVLLC integrations. However, the interaction of fiber dispersion with the chirp of the directly modulated VCSEL transmitter is one of the performance restricting factors of fiber-IVLLC integrations. Several approaches have been offered to solve the dispersion problem and subsequently suppress the nonlinear distortions. Nevertheless, sophisticated dispersion compensation devices (DCDs), such as dispersion compensating fiber and fiber Bragg grating, are required [15] , [16] . For an actual deployment of fiber-IVLLC integrations, the complexity is obviously considerable concern. Optical VSB filter (OBPF), which can eliminate the redundant linewidth of optical PAM8 signal, is thereby adopted to improve the dispersion tolerance. This proposed optical VSB filter is shown to be a prominent one since sophisticated DCDs are not needed in fiber-IVLLC integrations. The optical spectra of 84 Gb/s PAM8 [inset (a) of Fig. 1 ] and 84 Gb/s VSB-PAM8 [inset (b) of Fig. 1 ] signals are displayed in Fig. 2 . Apparently, the optical PAM8 signal shows a wide linewidth. Whereas the optical VSB-PAM8 signal shows a narrow one after the optical PAM8 signal passes through an optical VSB filter. The spectral efficiency is enhanced by eliminating the redundant linewidth of optical signal. It is efficient to adopt an optical VSB filter to suppress the linewidth of optical signal so as to reduce the fiber dispersion. Optical VSB filter not only presents high spectral efficiency but also improves the fiber dispersion by suppressing the linewidth of optical signal. VSB-PAM8 can reduce the fiber dispersion, however, a higher SNR is needed for VSB-PAM8. This is because the additional voltage levels with VSB-PAM8 reduce the level spacing. Accordingly, VSB-PAM8 is used for a short-haul optical system and only for 25 km SMF transport with 10 m free-space link in this work.
The frequency responses of the VSB-PAM8 VCSEL transmitter-based fiber-IVLLC integration under the conditions of free-running (without a linear equalizer at the receiving site), injection locking (without a linear equalizer at the receiving site), and injection locking (with a linear equalizer at the receiving site) are presented in Fig. 3 . Without a linear equalizer at the receiving site, a 10.2-GHz bandwidth is acquired under the condition of free-running, and a 21.2-GHz bandwidth is acquired under the condition of VCSEL with injection locking. Evidently, the 3-dB bandwidth enhancement due to injection locking is 11 GHz (10.2 GHz → 21.2 GHz). Whereas with a linear equalizer at the receiving site, the 3-dB bandwidth is increased to 24.3 GHz under the condition of VCSEL with injection locking. Obviously, the 3-dB bandwidth enhancement due to linear equalizer is 3.1 GHz (21.2 GHz → 24.3 GHz). For 3-dB bandwidth enhancement, it is clear that injection locking outperforms linear equalizer. Nevertheless, injection locking scheme and linear equalizer at the receiving site enhance the frequency response of the VSB-PAM8 fiber-IVLLC integration to about 2.38 times (24.3/10.2 ∼ 2.38). This finding shows that, with the support of linear equalizer at the receiving site, a 1550-nm VCSEL transmitter with injection locking scheme is sufficiently powerful for a 84 Gb/s (24.3 × √ 2 × 3 > 84) VSB-PAM8 signal transmission. The S 21 characteristic of linear equalizer is presented in Fig. 4 . As shown in the figure, the levels of high frequencies are higher than those of low frequencies. Linear equalization refers to an operation intended to increase the levels of high frequencies with respect to the levels of low frequencies to better the overall performances. In real scenario, the linear equalizer is connected Fig. 3 . The frequency responses of the VSB-PAM8 VCSEL transmitter-based fiber-IVLLC integration under the conditions of free-running (without a linear equalizer at the receiving site), injection locking (without a linear equalizer at the receiving site), and injection locking (with a linear equalizer at the receiving site). to a high-sensitivity ED to compensate the frequency response and enhance the transmission rate of VSB-PAM8 fiber-IVLLC integration [5] , [6] .
The BER values of the 84 Gb/s VSB-PAM8/PAM8 signal for back-to-back (BTB) and over a 25-km SMF transport with a 10-m free-space link scenarios are illustrated in Fig. 5 . Real-time BER is calculated by adopting a one-channel ED and the PAM8 seven-eye sampling method. This method is worthy of adopting because of the use of the low cost PAM8 BER measurement method. For BTB scenario, the BER reaches 10 −9 at a received optical power of 1.7 dBm. For the scenario over a 25-km SMF transport with a 10-m free-space link (VSB-PAM8), the BER reaches 10 −9 at a received optical power of 5 dBm and reaches 10 −4 at a received optical power of 1.1 dBm. At a BER value of 10 −9 , there is a power penalty of 3.3 dB between the scenarios of BTB and over a 25-km SMF transportation with a 10-m free-space link (VSB-PAM8). Such a small 3.3 dB power penalty results from the utilization of VSB filter owing to the reduction of fiber dispersion produced by a 25-km SMF transmission. Nevertheless, for the scenario over a 25-km SMF transport with a 10-m free-space link (PAM8), the BER value declines to 10 −4 . This BER decline is attributed to the fiber dispersion produced by a 25-km SMF transmission, OSNR decrement because of the transmission over a 10-m free-space link, and optical beam misalignment between the doublet lens-2 and the ferrule of fiber pigtail at the receiving site. A 10-m free-space link leads to attenuation, by which causing lower OSNR and higher BER. In addition, optical beam alignment between the doublet lens 2 and the ferrule of fiber pigtail at the receiving site is determined for the transmission performances of VSB-PAM8 fiber-IVLLC integration. A longer free-space link causes optical beam misalignment due to a small area of ferrule that requires good pointing and alignment techniques. As the optical beam misalignment increases the BER increases as well. System engineers should have to emphasize the maximum optical beam misalignment to guarantee the transmission performances.
The eye diagrams of the 84 Gb/s VSB-PAM8/PAM8 signal with linear equalizer for BTB and over a 25-km SMF transportation with a 10-m free-space link scenarios are displayed in Figs. 6(a), 6(b), 6(c), and 6(d), respectively. For BTB scenario, seven independent clear eye diagrams exist visibly [ Fig. 6(a) ]. For the scenario of over a 25-km SMF transportation with a 10-m free-space link (VSB-PAM8), eye diagrams with good quality exist apparently [ Fig. 6(b) ]. For the scenario of over a 25-km SMF transportation with a 10-m free-space link (PAM8), however, close eye diagrams are observed [ Fig. 6(c) ]. To show a direct relation with linear equalizer and eye diagrams, we take away the linear equalizer and seize the eye diagrams of the 84 Gb/s VSB-PAM8 signal at a 25-km SMF operation with a 10-m free-space link. Without a linear equalizer at the receiving site, excessive amplitude and phase variations are observed [ Fig. 6(d) ].
Conclusion
A high-speed 84 Gb/s VSB-PAM8 VCSEL transmitter-based fiber-IVLLC integration is proposed and practically demonstrated. To our knowledge, this work is the first to practically establish a highspeed 84 Gb/s VSB-PAM8 fiber-IVLLC integration. With a linear equalizer at the receiving site, a 10.2-GHz VCSEL transmitter with injection locking scheme is powerful sufficient for an 84 Gb/s VSB-PAM8 signal transmission. Good BER performance and clear eye diagrams are acquired at a 25-km SMF operation with a 10-m free-space link. This proposed 84 Gb/s VSB-PAM8 VCSEL transmitter-based fiber-IVLLC integration is a prominent one to provide efficient bandwidth at a high transmission rate.
